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Tevatron  →  LHC

≤ 14 TeV p-p collisions 
Expect to turn on late 2009
 ~25 ns between proton bunches
Low luminosity running (1033 cm-2s-1) to 
accumulate ~10 fb-1 by 2011
Will eventually record ~100 fb-1 per year
By 2012 will produce ~100,000 Higgs 
events per week (MH = 120 GeV           
at 14 TeV)

1.96 TeV p-p collider 
396 ns between bunches
Has delivered  ~6 fb-1 of data since 
2002, and running smoothly:

expect ~10 fb-1 by end of 2010
Total of  ~10,000 Higgs events 
produced (MH = 120 GeV)

1 km 4.2 km

Tevatron:  CDF & D0
• 36x36 bunches
• bunch crossing 396 ns 
• Run II started in March 2001
• Peak Luminosity:3.5E32 cm-2 sec-1

• Run II delivered: ~7 fb-1

• Run II Goal: 12 fb-1 end of 2011

Peak p̄ Burn Rate:
3.5× 1032 cm−2sec−1 × 100 mb = 3.5× 107/sec

Peak p̄ Collection Rate:
7× 107/sec

Peak Intergrated Luminosity:
3.5× 1032 cm−2sec−1 × 3× 107sec ≈ 10fb−1/yr
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Peak p̄ Burn Rate:
3.5× 1032 cm−2sec−1 × 100 mb = 3.5× 107/sec

Peak p̄ Collection Rate:
7× 107/sec

Intergrated Luminosity:
3.5× 1032 cm−2sec−1 × 107sec = 3.5fb−1
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Peak p̄ Burn Rate:
2× 3.5× 1032 cm−2sec−1 × 100 mb = 7× 107/sec

Peak p̄ Collection Rate:
7× 107/sec

Peak Intergrated Luminosity:
3.5× 1032 cm−2sec−1 × 3× 107sec ≈ 10fb−1/yr
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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass

Uαi =
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Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV

– Typeset by FoilTEX – 1

Mixing Matrix:

Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi〉, are a Mixture of Flavor States, |να〉:

|να〉 = Uαi|νi〉. (using sij = sin θij and cij = cos θij)

Uαi =
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c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23





Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ

For Majorana Nu’s

U → U

0

@
1

eiα2

eiα3

1

A
Phases α2, α3 are unobservable in oscillation

phenomena, (UαiU
∗
βi).

Important in neutrinoless double beta decay.
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solar/KamLAND Reactor/LBL

Atmospheric Nus
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

∑
mνi =

f1 ∼ cos2 θ" ≈ 68%

f2 ∼ sin2 θ" ≈ 32%
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atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3

sin2 θ23 ∼ 1/2

sin2 θ13 < 3%

0 ≤ δ < 2π
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parameter best fit 2σ 3σ

∆m2
21 [10−5eV2] 7.65+0.23

−0.20 7.25–8.11 7.05–8.34

|∆m2
31| [10−3eV2] 2.40+0.12

−0.11 2.18–2.64 2.07–2.75

sin2 θ12 0.304+0.022
−0.016 0.27–0.35 0.25–0.37

sin2 θ23 0.50+0.07
−0.06 0.39–0.63 0.36–0.67

sin2 θ13 0.01+0.016
−0.011 ≤ 0.040 ≤ 0.056

Table 1. Best-fit values with 1σ errors, and 2σ and 3σ intervals (1 d.o.f.) for
the three–flavour neutrino oscillation parameters from global data including solar,
atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K and MINOS)
experiments.
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At 2σ we have the following limits:

sin2 θ13 < 0.04
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At 2σ we have the following limits:
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Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
(

δm2
21

δm2
31

)n

Experiment has probed down to n ≈ 1
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At 2σ we have the following limits:

sin2 θ13 < 0.04

| sin2 θ12 −
1
3

| < 0.04

| sin2 θ23 −
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
(

δm2
21

δm2
31

)n

Experiment has probed down to n ≈ 1/2 to 1 !!!
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Predictions of Lepton Flavor Models

13

0.00001 0.0001 0.001 0.01 0.1

sin
2
!
!"

1

2

3

4

5

6

7

8

9

10

N
u

m
b

er
 o

f 
M

o
d

el
s

Seq. RH Neu. Dom.

SO(10) lopsided

SO(10) sym/antisym

Predictions of Grand Unified Models

14

-  Of the order of 5 models have similar values for 
    in the interval 0.001 - 0.08. 
-  Only lepton flavor models allow   

•  No smoking gun apparently exists to rule out any type of model
    based on accurate data for             alone.

•  Most models prefer                         rather than 0.333 for   
    TBM in agreement with present best value of 0.312.

•  Most models prefer                          compared with the best
    fit value of 0.44

sin2 θ23 ≥ 0.50

sin2 θ12 ≤ 0.31

•  Effective mass plots for perturbed TBM mixing show a clear
    separation of the normal and inverted ordering distributions.

sin2 θ13

C. H. Albright       International  Workshop on Neutrino Telescopes       March 10-13, 2009           27

•  It is clear that very accurate determination of the three
    mixing angles and eventually the three CP-violating phases
    will be required to pin down the most viable model(s).

sin2 θ12 ! 0.0001

MODELS:



Mass Spectrum:

• Quasi-Degenerate ?

• Hierarchical ?

• Normal or Inverted ?

Mixings:

• Deviations from UTri−Bi−Max

sin2 θ13, (sin2 θ23 − 1/2), (sin2 θ12 − 1/3)

• Relationship between these deviations and

VCKM − 1

if any ?

• Magnitude and sign of CPV:

∝ sin θ13 sin δ
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Neutrino Questions:

Mass Spectrum:

• Quasi-Degenerate ?

• Hierarchical ?

• Normal or Inverted ?

Mixings:

• Deviations from UTri−Bi−Max

sin2 θ13, (sin2 θ23 − 1/2), (sin2 θ12 − 1/3)

• Relationship between these deviations and

VCKM − 1

if any ?

• Magnitude and sign of CPV:

∝ sin θ13 sin δ
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Neutrino Beams @ Fermilab
• Booster Neutrinos (8 GeV protons)

» miniBooNE, SciBooNE, microBooNE   

• Neutrinos at Main Injector (NuMI) 
–(120 GeV protons)

» MINOS (near+far), ArgoNut, MINERVA, NOvA 

• New Beamline to DUSEL 
–(60 -120 GeV protons)

» LBNE    
13



• Booster Neutrinos (8 GeV protons)
» miniBooNE, SciBooNE, microBooNE   
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Keep L/E same as LSND !
while changing systematics, energy & event signature 

P(!
µ
    !

e
)= sin22" sin2(1.27#m2L/$)%

Booster!

K+!

target and horn! detector!dirt !decay region! absorber!

primary beam! tertiary beam!secondary beam!

(protons)! (mesons)! (neutrinos)!

!+! "µ  # "
e ???!

Order of magnitude!

higher energy (~500 MeV)!

than LSND (~30 MeV)!

Order of magnitude!

longer baseline (~500 m)!

than LSND (~30 m)!

MiniBooNE’s Design Strategy!



MiniBooNE !e appearance data show a low-energy excess 

A.A. Aguilar-Arevalo et al., PRL 102, 101802 (2009) 

Excess from 200-475 MeV = 128.8+-20.4+-38.3 events 

6.46E20 POT 

Excess
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Radiative Delta Decay 

(G2&/&S) 

! 

N N’ 

#

Backgrounds: Order (G2!!s) , single photon FS 

So far no one has found  a NC 

process to account for the "," 

difference & the " low-energy 

excess. Work is in progress: 
R. Hill, arXiv:0905.0291 

Jenkins & Goldman, arXiv:0906.0984 

#

Dominant process 

accounted for in MC! 



Preliminary for 4.863E20 POT (~50% increase in POT!) 

Excess from 200-475 MeV = 11.4 ± 9.4 ± 11.2 events 

MiniBooNE !e appearance data are inconclusive at present 

 but are consistent so far with LSND 

New! 



New Location at 200 meters from BNB Target 

BNB Target Hall 

Far Position 

Near Position 

B
N

B
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e
a
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Proposal to move miniBooNE from 541 to 200 m 



• Neutrinos at Main Injector (NuMI) 
–(120 GeV protons)

» MINOS (near+far), ArgoNut, MINERVA, NOvA 

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}

×
{

L
820 km

}
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0.75  upgrade to  4 MW

T2K

π
0 suppression
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NOvA

(off-axis)
!"#$%&'()')%*+

Underground Lab.

DUSEL

MiniBooNE

SciBooNE

MINERvA

MINOS (on-axis)

1300 km

735 km

Powerful Beam

(Project X)

Huge Detector

(LAr or/and Water)

= Proton Decay Detector



MINOS: νµνX (Best Δm2
32 measurement)

K2K

MINOS

Super-K
Super-K

Near
Detector

1 km
away

Far
Detector

735 km
away

νµ

Reconstructed neutrino energy (GeV)                                   sin2(2θ32)
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•! Energy spectrum fit with 

the oscillation hypothesis: 
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PRL 101 131802 (2008) 

Most precise measurement of |!m2
32| performed to date  

5%



MINOS: νµνX (Best Δm2
32 measurement)

K2K

MINOS

Super-K
Super-K

Near
Detector

1 km
away

Far
Detector

735 km
away

νµ

Reconstructed neutrino energy (GeV)                                   sin2(2θ32)
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•! Energy spectrum fit with 

the oscillation hypothesis: 

•! C"9<&59E)
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PRL 101 131802 (2008) 

Most precise measurement of |!m2
32| performed to date  

5%

Which δm2 does MINOS measure?

νµ weighted average of |δm2
32| and |δm2

31|

δm2
µµ ≈ cos2 θ12|δm2

32| + sin2 θ12|δm2
31|

= |δm2
32| ± sin2 θ12 |δm2

21|

∼ 1% shift to |δm2
32|

sign depends on hierarchy!!!

– Typeset by FoilTEX – 5



!"#$%&'()*"$%+'#,)-'.)/01) 23)

-456*)

7"8"98:#;)

Far Detector 

Near Detector 

•! Massive 

–! 1 kt Near detector 

–! 5.4 kt Far detector 

•! Similar as possible 

–! steel planes 

•! 2.5 cm thick 

–! scintillator strips 

•! 1 cm thick 

•! 4.1 cm wide 

–! Wavelength shifting 

fibre optic readout 

–! Multi-anode PMTs 

–! Magnetised (~1.3 T) 
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in fall 2009
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Geordi La Forge:
in “The Enemy”

Star Trek: The Next Generation

The visor “sees”
Neutrinos!!!



ArgoNeutThe ArgoNeuT Experiment 

!! ArgoNeuT is a joint NSF/DOE R&D project at Fermilab (USA) to expose a small Liquid 

Argon TPC to the NuMI low energy neutrino beam.  

!! ArgoNeuT detector is presently located between MINER!A and the MINOS near detector 

at NuMI Tunnel – 100m underground.   Muons escaping the TPC are reconstructed in 

MINOS ND.   

!! Collecting events in the 0.1 to 10 GeV range, ArgoNeuT is producing the first ever data 

for low energy neutrino interactions within a LArTPC. 

100m 
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DIS neutrino event candidate 

!"

!"

ArgoNeuT Event Display:   Raw Data 
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CC RES neutrino candidate 

!µp!µ-p"+ 
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ArgoNeuT Event Display:   Raw Data 
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and related processes:

CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ CPT across diagonals $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!

– Typeset by FoilTEX – 8

νµ → νe

sin2 θ13 from LBL:

– Typeset by FoilTEX – 3

Milford Track
Independent Tramping

SOUTHLAND – 2008/2009 SEASON



CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T $ CPT across diagonals $ T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
∣∣∣

∑
j U∗µj Ueje

−im2
jL/2E

∣∣∣
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

Interference term different for ν and ν̄: CP violation !!!
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νµ → νe

Pµ→e =
∣∣∣

∑
j U∗µj Ueje

−im2
jL/2E

∣∣∣
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

2
√

PatmPsol cos(∆32 ± δ) = 2
√

PatmPsol cos∆32 cos δ (9)

∓2
√

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol

– Typeset by FoilTEX – 17

P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
√

Patme−i(∆32+δ) +
√

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
√

PatmPsol cos∆32 cos δ + Psol (7)

∓2
√

PatmPsol sin ∆32 sin δ (8)

P = Psol
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2
√

PatmPsol cos(∆32 ± δ) = 2
√

PatmPsol cos∆32 cos δ (9)

∓2
√

PatmPsol sin ∆32 sin δ (10)

CPC only CPV

P = Psol
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2
√

PatmPsol cos(∆32 ± δ) = 2
√

PatmPsol cos∆32 cos δ (9)

∓2
√

PatmPsol sin ∆32 sin δ (10)

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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P (νµ → νe) ≈ |
√

Patme−i(∆32+δ) +
√

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = |δm2|L
4h̄cE = 1.27|δm2|L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
phase varies

– Typeset by FoilTEX – 2

P (νµ → νe) ≈ |
√

Patme−i(∆32+δ) +
√

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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x 3

P (νµ → νe) ≈ |
√

Patme−i(∆32+δ) +
√

Psol|2

√
Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

– Typeset by FoilTEX – 2



Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

sparkE – 17 Nov 2003 11

Pµ→e ≈ Patm + 2
√
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where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31
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Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

and Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21

At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

Patm = Psol

sin2 2θ13 =
sin2 2θ12

tan2 θ23

[
π

2
δm2

21

δm2
31

]2

≈ 0.002 !!!

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.

sparkE – 17 Nov 2003 11
At the second oscillation maximum, ∆32 = 3π

2 , the peak in the
Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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Asymmetry
Peaks:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

at the first peak



Appearance Probability for Neutrino Oscillations (2 flavors):

P = | sin 2θ sin ∆|2

where kinematic phase ∆ = δm2L
4E

limit h̄→ 0 ?

– Typeset by FoilTEX – 4

Appearance Probability
for 2 Flavor Neutrino Oscillations:

P0 = | sin 2θ sin ∆|2

where kinematic phase ∆ = δm2L
4E

In matter

PN = | sin 2θ sin(∆−aL)
(∆−aL) ∆|2

where a = GFNe/
√

2 ≈ (4000 km)−1

when L <<< a−1 then Pn → P0

limit h̄→ 0 ?

CPV and Mass Hierarchy

– Typeset by FoilTEX – 4

Appearance Probability
for 2 Flavor Neutrino Oscillations:

P0 = | sin 2θ sin ∆|2

where kinematic phase ∆ = δm2L
4E

In matter

PN = | sin 2θ sin(∆−aL)
(∆−aL) ∆|2

where a = GFNe/
√

2 ≈ (4000 km)−1

when L <<< a−1 then Pn → P0

limit h̄→ 0 ?

CPV and Mass Hierarchy
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In Matter:
√

Patm =sin θ23 sin 2θ13
sin(∆31−aL)
(∆31−aL) ∆31

√
Psol = cos θ23 sin 2θ12

sin(aL)
(aL) ∆21

– Typeset by FoilTEX – 3

± = sign(δm2
31), a = GF Ne/

√
2 ≈ (4000 km)−1

P (ν̄, δm2
31, δ) = P (ν, −δm2

31, δ+π)

dashes ⇔ solid and solid ⇔ dashes

a → −a and δ → −δ

Anti-Nu: Normal Inverted
dashes δ = π/2
solid δ = 3π/2

– Typeset by FoilTEX – 4

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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P (νµ → νe) ≈ |
√

Patme−i(∆32+δ) +
√

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04

– Typeset by FoilTEX – 2

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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Pµ→e ≈ |
√

Patme−i(∆31±δ) +
√

Psol |2

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± =

sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31
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√

Psol = cos θ23 sin 2θ12
sin(aL)
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P (νµ → νe) ≈ sin2 θ23 sin2 2θ13
sin2(∆31 − aL)
(∆31 − aL)2

∆2
31

+2 sin 2θ13 sin 2θ23 sin 2θ12 cos θ13

∗sin(∆31 − aL)
(∆31 − aL)

∆31
sin(aL)
(aL)

∆21

∗(cos ∆32 cos δ − sin ∆32 sin δ)

+ cos4 θ13 cos2 θ23 sin2 2θ12
sin2(aL)
(aL)2

∆2
21

(∆31 − aL) = ∆31

(
1− aL

∆31

)
= ∆31

(
1− 2

√
2GF NeE
δm2

31

)

∆32 ≈ ∆31

J = sin 2θ13 sin 2θ23 sin 2θ12 cos θ13 sin δ
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CPV

CPC

νµ → νe

Pµ→e =
∣∣∣

∑
j U∗µj Ueje

−im2
jL/2E

∣∣∣
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
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• New Beamline to DUSEL 
–(60 -120 GeV protons)

» LBNE    
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October 16,2008 R. W. Kadel: DUSEL 

Infrastructure

11

Current draft layout of 4850 level

3 x 100 kT H20 Detector

October 16,2008 R. W. Kadel: DUSEL 

Infrastructure

11

Current draft layout of 4850 level

3 x 100 kT H20 DetectorSite consideration conclusion

None of the physics signatures requires a depth greater than the 
~4850 ft level at Homestake (~4300 meters-water-equivalent). We 
therefore recommend that geotechnical studies for the large detector 
be carried out at the 4850 ft level as soon as possible. This depth is 
sufficient to carry out an excellent physics program, and takes the 
best advantage of the infrastructure and rock conditions at the 
Homestake Mine.

Thursday, March 5, 2009



Intensity frontier: detector options

• Water Cerenkov
– Known technology

• Liquid Argon TPCs
– Great promise (x 3-4)

Options under consideration:
~300 kt WC, ~100 kt LAr, or some combination of the two.

Fermilab supports both technologies.
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Evolution of the Liquid Argon Physics Program

R&D

R&D Physics

R&D Physics

R&D Physics

Physics !!!

Luke & Bo

ArgoNeuT
microBooNE

LAr5
near

Yale TPC

far

M x N = 100 kT

Purity, electronics development

Underground safety, cryo operation,
TPC performance, reconstruction

Cold electronics, evacuation
requirement, tank construction,
 insulation

Large Mass operation,
Technical & cost scaling

“phased R&D program”
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Project X and LBNE to Homestake

• 5% of the time line, the 2 GeV linac feeds a simple Rapid Cycling 
Synchrotron (RCS), 500m circumference, to strip, accumulate and 
boost the energy to 8 GeV

• Six pulses of the SAB are transferred to the recycler, filling the 
existing recycler, and every 1.4 sec transferred to the Main Injector 
for acceleration to high energies (60 GeV to 120 GeV)

53
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FIG. 9: Simulation of detected electron neutrino (top plots) and anti-neutrino (bottom plots) spectrum (left

for normal hierarchy, right for reversed hierarchy) for 3 values of the CP parameter δCP, −45o, 0o, and

−45o, including background contamination. This simulation is for 300 kT of water Cherenkov detector with

the performance described in Section 10.1. This is for an exposure of 30×1020 POT for each neutrino and

anti-neutrino running. The hatched histogram shows the total background. The νe beam background is also

shown. The other parameters and running conditions are shown in the figure.
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WATER CERENKOV: 300 KT

Normal Invertedbeam NC bkg

ν ν̄
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LIQUID ARGON: 100KT Liquid Argon Impact 
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Sensitivity: 

 LAr 100kt  3+3 yrs   20e20 POT/yr
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Project X and 2-3 GeV beams

• The greatest potential for rare processes comes from 2 MW 
continuous beam. Intensity experiments need continuous beam: pile 
up is the main limitation in pulsed beams

57

t

1 gm protons per yr

your idea



               

Neutrino Factory Schematic

4 MW
Proton
Source

Hg-Jet 
TargetDecay 

Channel

Initial 
Cooler

Buncher
ν

Pre Accel
-erator

Acceleration

Storage
Ring

5-10 
GeV

10-25
GeV

1.5-5 GeV

Project X 
upgraded
to 4MW with 
rebunching ring to 
get right beam 
structure
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ur
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– Proton Source
• primary beam on 
production target

– Target, Capture, and Decay
• create π; decay into µ

– Bunching & Phase Rotation
• reduce ΔE of bunch

– Cooling
• reduce transverse 
emittance

– Acceleration
• 130 MeV → ENF

– Storage Ring
• store for 500 turns; long 
straight section
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Lepton colliders beyond LHC

LHC Results

ILC Enough

ILC not enough

CLIC

Muon collider

or

or

By far the easiest!



4 TeV 
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Neutrinos at Fermilab
• Near Term:  

–Suit of New Neutrino Experiments
• NOvA, mircoBooNE, MINERVA
• maybe kaons, anti-protons

• Mid-Term:  Project X (2 MW @ 120 GeV      
+ 2 MW at 2 GeV)
–LBNE (300 kton H20 / 100kton LAr) 
–Rare Kaon Exp. and Mu2e, g-2,  Your Exp.!

• Long Term:  
–NuFactory as part of Muon Collider 

63
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• Kaons

Theo(SM)×1010 Exp.×1010 Experiment
K+ → π+νν̄ 0.85± 0.07 1.73+1.15

−1.05 BNL-E787/949
KL → π0νν̄ 0.28± 0.04 < 670 KEK-391
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K+ → π+νν̄ 0.85± 0.07 1.73+1.15

−1.05 BNL-E787/949
KL → π0νν̄ 0.28± 0.04 < 670 KEK-391

Experiment Beam Power (kW) # of Events 5 yrs @ SM
K+ → π+νν̄ CERN-NA62 5-10 kW 100 - 200
KL → π0νν̄ KEK-E14 10’s kW phase I (II) = few (10’s)

For Statistical Uncertainties ≈ Theoretical Uncertainties

∼ 1000 events needed in K+ and KL !

with Project X 200+ kW at 8 GeV
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May 29th  2009                                                                                           R. Tschirhart                                                                   FPCP, Lake Placid NY

Kaon Rare Decays and NP 
(courtesy by  Christopher Smith) 

CERN, 11-5-2009 A. Ceccucci 8
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• Assuming a new gauge boson: Z’
• examples: SSM, E6, LRM
• 5σ discovery limits: 4-5 TeV        

at LHC (@ 300 fb-1)

• For a narrow resonance with 
2ΔEbeam /Γresonance << 1:

 Minimum Luminosity for Physics:
The integrated luminosity required to produce 1000  

μ+μ- -> Z’ events on the peak 

Hence minimum luminosity -> 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 

→ Rpeak = (2J + 1)3
B(µ+µ−)B(visible)

α2
EM

E. Eichten, “The Basics of Muon Collider Physics”
 (Fermilab-Pub-09-225-T) 



Physics at the Intensity Frontier:

Stephen Parke, Fermilab, June 4 2009

• Neutrinos

• Muons

• Kaons, Anti-protons . . .
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µ + N → e + N

(g − 2)µ
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CompositenessSUSY

Model Parameter

New Physics
Scale (TeV)

MEG Experiment

with Project X

pre-Project X

Mu2e can probe 103 – 104 TeV

Neutrino Factory
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Muon collider functional layout
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Target           Capture             Cool            Format           Accel            Collide

Color indicates degree of needed 
R&D (difficulty) and demonstration


